Abstract
Introduction

39
Our planet is currently experiencing an extreme species extinction event (Thomas et bacterial species numbers have also been found to be decreasing at local scales within the human 49 gut (Blaser, 2014) and terrestrial ecosystems (Singh et al., 2014) . Of particular concern is the 50 loss of the number of bacterial guilds responsible for key geochemical transformations, such as 51 methane oxidation (Levine et al., 2011 ) that controls rates of methane emissions.
52
An extrapolation from eukaryotic relationships would predict there to be no richness-53 ecosystem function relationships for bacterial communities because they are generally composed 54 of an order of magnitude more taxa than the communities in most eukaryotic BEF studies. by showing that closely related green algal species had weaker competition and more facilitation 77 than distantly related species, thus resulting in higher productivity (Narwani et al., 2017 In this study, we hypothesized that bacterial diversity would be positively correlated with 91 bacterial heterotrophic production, and that this relationship would be stronger in more 92 heterogeneous environments. We simultaneously surveyed free-living and particle-associated and hence represents a more heterogeneous habitat than the surrounding water. We tested BEF 101 relationships using a variety of diversity metrics including observed richness, evenness, and 102 phylogenetic diversity. We focused on heterotrophic bacterial production as our measure of 103 ecosystem function, as it is a key process affecting freshwater bacterial growth that in turn fuels 104 the eukaryotic food web (Cotner & Biddanda, 2002) . particles were counted as free-living bacteria, whereas bacteria that were on particles were 133 counted as particle-associated. Sample filtration may bias counts due to free-living or particle- 
178
Estimating Diversity
179
To get the best estimate of each diversity metric, each sample was subsampled to 6,664
180
sequences (the smallest library size) with replacement and were averaged over 100 trials. 
185
To calculate phylogenetic diversity, we first removed OTUs that had a count of 2 sequences or 186 less throughout the entire dataset, as these are more prone to be artefacts originating from (picante). Finally, both abundance-unweighted and -weighted phylogenetic diversity was 194 estimated using specifications described in the next paragraph with the picante R package.
195
The most common phylogenetic diversity (PD) measure is Faith's PD (Faith, 1992), 196 however, this metric is very strongly correlated with species richness (Figure S2) . Instead, the 
Results
223
Free-living communities had more cells but particle-associated communities had higher per-224 capita heterotrophic production 225 We observed an order of magnitude more cells per milliliter (p = 1 x 10-6, Figure 1A ) and 226 ~2.5 times more community-wide heterotrophic production in the free-living fraction (p = 0.024, 227 Figure 1B ). However, when calculated per-capita, particle-associated bacteria were on average 228 an order of magnitude more productive than free-living bacteria (p = 7 x 10-5, Figure 1C ).
229
Particle-associated and free-living cell abundances in samples taken from the same water sample 230 did not correlate ( Figure S3A ). Heterotrophic production between corresponding free-living and 231 particle-associated fractions from the same water sample were positively correlated for both 232 community (Adjusted R2 = 0.40, p = 0.017; Figure S3B ) and per-capita production rates 233 (Adjusted R2 = 0.60, p = 0.003; Figure S3C ). 
239
Particle-associated bacterial community richness was always higher than in free-living 240 communities and was maintained across the four sampling stations in the lake ( Figure S5A ). Figure S5A ).
245
Particle-associated communities were more phylogenetically clustered than free-living 246 communities based on unweighted phylogenetic diversity (p = 0.01, Figure 3A ). Compared to 247 other particle-associated samples, the outlet station that connects to oligotrophic Lake Michigan Diversity-Productivity relationships were mostly observed in particle-associated communities 254 We analyzed BEF relationships for both community and per-capita production due to the 255 distinct patterns of these two measures of heterotrophic production (Figure 1 ). There was a Taxa in the supplemental methods and Figure S6 ) and hold up for all threshold levels in inverse
267
Simpson and for richness until removal of OTUs observed 25 times (community-wide 268 heterotrophic production) and 15 times (per-capita heterotrophic production).
269
When the particle-associated and free-living samples were combined together into one 270 linear model to test an overall relationship between diversity and community-wide productivity, between diversity and per-capita heterotrophic production was independent of habitat.
280
Phylogenetic diversity correlated with per-capita heterotrophic production but not with 281 community-wide production 282 Abundance-weighted phylogenetic diversity was not correlated with community or per-283 capita heterotrophic production ( Figure S8C -S8D ) and therefore no further analyses were 284 performed with this diversity metric.
285
For unweighted phylogenetic diversity, we first determined the relationship between 286 community richness and phylogenetic diversity. There was a moderate, negative, linear 287 relationship when particle-associated and free-living samples were combined together into one for habitat-specific relationships between unweighted phylogenetic diversity and observed 296 richness, no trend was found in either particle-associated or free-living models ( Figure 3B; 297 Particle: Adjusted R2 = 0.14, p = 0.12; Free = Adjusted R2 = -0.10, p = 0.97).
298
We then assessed the relationship between phylogenetic diversity and heterotrophic 299 productivity. Particle-associated and free-living phylogenetic diversities did not have individual 300 effects on community-wide or per-capita heterotrophic production. When data from both habitats 301 were combined into a single regression, there was no correlation between phylogenetic diversity 302 and community-wide heterotrophic production ( Figure 3C ). However, a negative correlation was 303 found when particle-associated and free-living samples were combined into one linear model to 304 test an overall relationship between unweighted phylogenetic diversity and per-capita 305 heterotrophic production ( Figure 3D ; Adjusted R2 = 0.42, p = 5 x 10-4). Therefore, these two 306 results in combination indicated that communities composed of more phylogenetically similar
307
OTUs had a higher per-capita heterotrophic production rate.
308
Diversity, and not environmental variation, was the best predictor of particle-associated 309 heterotrophic production 310 To identify variables that best predicted community-wide and per-capita heterotrophic 311 production (i.e. remove variables that were correlated with each other and/or uninformative 312 variables), we performed lasso regression with all samples and individually with particle-313 associated and free-living samples. For prediction of community-wide heterotrophic production,
314
only the inverse Simpson's index was selected for particle-associated samples whereas pH and 315 PC5 were selected for free-living samples, and no variables were selected when all samples were 316 included in the lasso regression. In contrast, for per-capita heterotrophic production, temperature 317 and the inverse Simpson's index were selected for particle-associated samples whereas pH was 318 the only predictor for free-living samples, and observed richness was the only predictor for all 319 samples (plotted in Figure S7A ). Therefore, the best model for particle-associated microhabitats 320 always included inverse the inverse Simpson's index whereas free-living samples only included 321 environmental variables, such as pH.
322
To further verify that there were no confounding impacts of seasonal and environmental 323 variables on community-wide and per-capita heterotrophic production, we performed ordinary 324 least square (OLS) regressions and a dimension-reduction analysis of the environmental 325 variables through a principal components analysis (Table S1 & S2; Figure S10 ). Specifically, the 326 first 2 environmental axes explained ~70% of the environmental variation in the sampling sites 327 ( Figure S10 ). Next, we predicted community-wide and per-capita heterotrophic production with 328 all environmental variables and the first six principal components as predictor variables with 329 individual particle-associated and free-living samples, and combined (i.e. all samples) models 330 (Table S1 & (Table S1 ). Whereas, the best single predictor of per-capita (Table S2) . Thus, the OLS 337 regressions are in agreement with the lasso regressions.
338
Discussion
339
We examined bacterial biodiversity-ecosystem function (BEF) relationships in relation to 340 two microhabitats within freshwater lakes: particulate matter and the surrounding water. First,
341
we found that community-wide and per-capita heterotrophic productivity of particle-associated 342 but not free-living bacterial communities showed a positive, linear BEF relationship with both 343 richness and evenness contributing. Second, particle-associated heterotrophic production was 344 better explained by diversity (i.e. inverse Simpson's index) than by environmental parameters.
345
Third, across both particle-associated and free-living communities, higher richness was 346 associated with lower phylogenetic diversity which, in turn, was associated with higher per-347 capita heterotrophic bacterial production but not associated with community-wide heterotrophic 348 production.
349
Microbes have a large diversity of metabolisms and the choice of which to focus on may Our observational study could not directly test the role of niche complementarity effects.
377
However, support for niche complementarity alone or in combination with species selection as 378 the mechanism underlying the BEF relationship in particle-associated habitats is provided by the 
413
Considering that (i) closely related taxa share more genes and metabolic pathways than represents 35-85% of the total particle-associated communities and may obscure the actual 464 diversity (and BEF relationship) of the bacterial community (Carini et al., 2016) .
465
In conclusion, we show that increased bacterial diversity leads to increased bacterial 466 heterotrophic production in particle-associated but not in free-living communities. As such, we 467 extend the validity of principles of the impact of microhabitat on BEF relationships from 468 Eukarya to Bacteria, contributing to current efforts to integrate ecological theories into the field 469 of microbiology (Barberán et al., 2014) . Additionally, we show that communities with low 470 phylogenetic diversity have higher per-capita heterotrophic production rates, which we 471 hypothesize to be related to genome evolutionary patterns specific to bacteria that result in the 472 dependence on metabolic hand-offs. The unique nature of BEF relationships across particle- 
